Nanoindentation has been performed on tungsten, unimplanted and helium-implanted to $ 600 appm, at temperatures up to 750 1C. The hardening effect of the damage was 0.90 GPa at 50 1C, but is negligible above 450 1C. The hardness value at a given temperature did not change on re-testing after heating to 750 1C. This suggests that the helium is trapped in small vacancy complexes that are stable to at least 750 1C, but which can be bypassed due to increased dislocation mobility (cross slip or climb) above 450 1C.
Introduction
As the main plasma-facing material in a fusion reactor [1] , tungsten will be exposed to a flux of alpha particles (essentially helium ions) from the plasma as well as 14 MeV neutrons. While the rate of helium production due to transmutation is negligible, this incident alpha particle flux will result in a high concentration of diffused-in helium that may combine with displacement damage from incident neutrons. The resulting defects are likely to produce significant mechanical property changes. There have been several studies on tungsten and tungsten alloys using neutrons or self-ion irradiations, in conjunction with either micro-indentation [2] [3] [4] , nanoindentation [5, 6] or micro-bending [7] experiments to probe the effect that displacement damage has on mechanical properties, such as hardness or yield stress. However all these studies have produced data at room temperature only; they also considered only the effects of displacement damage on mechanical behaviour and not any additional effects that helium might have.
Research into the effects of helium on tungsten has mainly focussed on determining the lattice position helium occupies at very low concentrations [8] and characterisation of 'nanofuzz' structures formed under conditions of high flux [9] . With regard to mechanical properties, work by Armstrong et al. [10] demonstrated the considerable hardening effect of helium in tungsten at room temperature even at relatively low concentrations (300 appm). Beck et al. [11] showed a similar hardening effect of implanted helium in tungsten-rhenium and tungsten-tantalum alloys. Beck also used TEM to show that the implanted helium does not form visible bubbles even at concentrations of approximately 3000 appm, suggesting that the implanted helium is in solution, or sits in stable vacancy-helium clusters below the resolution limit of the TEM.
However, in both Armstrong's and Beck's works the helium implantation took place at 300 1C, and mechanical properties were measured at room temperature. The expected steady state operating temperatures of tungsten are up to 700 1C at the first wall and up to 500 1C in the divertor [12] . During operation, these components will also be subject to fast neutron irradiation, producing displacement damage at a typical rate of 15 dpa/FPY [13] . As vacancy mobility becomes significant above 530 1C in tungsten [14] , this will likely have an effect on the damage structures formed by the helium ions as well as the mechanical properties above this temperature.
This work aims to study pure tungsten (investigated previously [15, 16] ) implanted with helium ions at a reactor-relevant temperature of 800 1C. It also extends nanoindentation methods typically used to study effects of radiation damage [5] to tests performed at elevated temperatures, up to the 750 1C expected during standard service conditions. This is important to determine the mechanical properties of components during reactor operations, and also to study the hardening mechanisms that may influence component brittleness during maintenance periods.
Experimental methods

Ion implantation
Commercially pure tungsten (MCO, Cambridge, UK) was irradiated at 800 1C using 2 MeV He þ ions at JANNuS (CEA Saclay, France) with a . Five degrader foils (6 mm, 5 mm, 4 mm, 3 mm and 1.6 mm) were used in addition to the un-degraded 2 MeV beam. The profile has a peak concentration of 1250 appm at 0.15 mm depth, with an average concentration of 600 appm over the total depth of 3 mm. The temperature was monitored using a thermocouple mounted just behind the samples in the sample holder, and an infrared camera was used to check that a uniform temperature profile across the sample was achieved. Beam currents were measured periodically using a set of four Faraday cups.
Previous work on tungsten implanted with helium of the same energy range [10] used continuous stiffness measurement nanoindentation [17] to determine the depth to which nanoindentation results are unaffected by the unimplanted substrate. This analysis showed that values of hardness extracted o400 nm into the surface are dominated by the ion-implanted layer, while hardness values extracted from 4 1500 nm into the surface are dominated by the hardness of the bulk material. These critical depths are used here in the analysis of the load-unload data at high temperatures.
High temperature micro-indentation
High temperature micro-indentation has been widely used to study the hardness dependence on temperature on a variety of materials. In the case of tungsten there is a well-documented "knee" in the hardness drop at around 300 1C, where the rate of change in hardness significantly decreases [18, 19] . To study the accuracy of the high temperature nanoindentation experiments, high temperature micro-hardness tests were performed over the same temperature range. A single-crystal sample of tungsten from the same source used for the nanoindentation study was used. Indentations were performed using a sapphire Vickers indenter and a 200 g load held for 15 s to allow for any indentation creep effects. Five indents were performed at each temperature from 23 1C to 700 1C
High temperature nano-indentation
High temperature nanoindentation was performed on an unirradiated sample and a helium-implanted sample using a MicroMaterials NanoTest nanoindenter. This instrument is housed in a vacuum chamber that attains a vacuum level of o10 À 5 mbar. A cubic boron nitride indenter with standard Berkovich geometry was used. Tungsten samples were mounted on a furnace using FortaFix Autostic FC6 high temperature cement. A thermocouple was cemented to the surface of the sample to monitor the temperature of the material in contact with the indenter. A second thermocouple in the indenter was used to equalise sample and indenter temperatures during the indentation process. At least 36 indents were performed at each temperature. Each indent was performed using twenty load-unload segments, evenly distributed in depth from 50 to 2000 nm so as to determine hardness as a function of depth. This produces loaddisplacement curves as shown in Fig. 2 . The form of the curves -apart Fig. 1 . Helium distribution and dpa profile in the ion-implanted later as predicted using SRIM-2008 (Stopping Range of Ions in Matter). The 'quick' Kinchin-Pease calculation of damage was used with a displacement energy of 68 eV. This gives an average concentration of 600 appm in the 3 mm implanted region. The multiple peaks were generated by implantation through a series of degrader foils from 0 to 6 mm. No differences in form -except for the peak load -are seen between the three curves. Post-indentation drift is measured at 80% unload; these regions are circled on the curves. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
from the peak load -is the same at all temperatures. Loading and unloading were conducted at a rate of 1.5 mN/s, with a 15 s hold at the peak load for each cycle. Prior to the start of each indentation, the tip was brought into contact with the sample for 120 s in a thermalisation step. Drift rates were measured over a 60 s hold at 30% of the peak load; both before indentation (after the thermalisation step) and after the final unload cycle. Samples were heated from 50 1C to 750 1C in 100 1C increments, with at least 36 indents performed at each temperature. The sample was heated at a rate of 2 1C/min. The system was then left to stabilise at each temperature for at least six hours before performing tests. After indents had been made at 750 1C, the sample was cooled at 2 1C/min and indentation was also performed at 550 1C, 350 1C, 50 1C and 20 1C. At each of these temperatures the six-hour stabilisation was also carried out. This was done to assess the hardening behaviour after the sample had been held at an elevated temperature, to investigate the stability of the helium-induced damage.
It is necessary to minimise thermal drift in the system in order to produce accurate data, especially for the long contact times ( $ 25 min) required for a complete load-partial unload indentation cycle. A thermal fluctuation of 1 1C can lead to a drift displacement of $ 100 nm [20] .
Temperature matching was accomplished by matching the temperature measured by the indenter thermocouple with that measured by the thermocouple mounted to the sample to within 1 1C before testing. This was done with the tip in close proximity (o20 mm) to the sample. At these distances, the tip temperature is strongly influenced by radiative heating from the sample. In order to produce a stable tip temperature and prevent drift during the experiment, the input power from the heater must balance the contributions from both the radiative heating and conduction when the tip is in contact with the sample. The temperaturematching process is further complicated due to the tip thermocouple being positioned closer to the heater than the actual Berkovich tip, leading to uncertainty in the actual tip temperature.
A series of trial indents was thus performed in order to confirm temperature stability by measuring drift rates and observing the shape of the load-displacement curve. If drift levels were too high, the tip temperature was varied based on the measured drift rates and more trial indents were performed to check the drift rates. Once stability was confirmed within the system, the array of loadpartial unload tests was made. Fig. 3 shows typical thermal drift data obtained before indentation at 50 1C, 350 1C and 750 1C, demonstrating the tight control of drift. Table 1 shows the average pre-and post-indentation drift rates for all the tests performed. This was chosen as the best measurement of drift as it shows the thermal stability of the system over the course of the full indentation experiment. The drift data collected post-indentation were extremely close to drift data collected pre-indentation. Indentation in vacuum significantly increases thermal drift, due to the lack of convection to equilibrate temperatures between sample and indenter. The authors believe these drift rates to be amongst the lowest achieved in high-temperature indentation [21] .
Results
Fig . 4 shows the variation of micro-hardness as a function of temperature. A steep initial drop in hardness is seen up to 300 1C with an average hardness decrease of 5 MPa/ 1C, (a decrease to 45% of the 20 1C hardness value over 280 1C). Above 300 1C the rate of hardness change significantly decreases to 0.7 MPa/ 1C. These data are in good agreement with high temperature micro-hardness experiments performed by Lee and Flom [18] and Pisarenko [19] who saw a similar rate of change of hardness in the same temperature regimes. Fig. 5 shows results from nanoindentation tests. The values of hardness shown were calculated as the means of hardness from each partial unload over all indents at a given temperature. 'Surface' data are the average value of hardness for data collected between 150 and 400 nm depth. This samples only the implanted layer, but avoids the significant size effects that would be present below 150 nm depth [5, 22] . 'Bulk' values were determined in the same way for data collected at depths greater than 1500 nm. For unimplanted tungsten, the hardness of the bulk material decreases rapidly from 5.5 GPa at 20 1C to 2.5 GPa at 150 1C (a decrease to 45% of the 20 1C hardness value over 130 1C), and then is constant up to 750 1C. The absolute hardness values are higher from nanoindentation than for microindentation, but the transition between the rapid decrease in hardness and a plateau region is still seen at 300 1C. The relative rate of change in hardness with temperature is 11 MPa/ 1C for the initial drop, and 0.3 MPa/ 1C above 300 1C. The difference in the absolute values is most likely due to the difference in mechanical behaviour between singlecrystal tungsten tested in the micro-indentation and polycrystalline tungsten tested in the nanoindentation. However, these data show that there is a significant change in rate of hardness change regardless of sample microstructure above $ 300 1C, around the temperature at which the hardening from the helium implantation becomes negligible.
There is a size effect in the unimplanted material: the hardness of the material 150-400 nm from the surface is on average 16% ( $ 0.5 GPa) harder than the data 41500 nm in depth, assuming the Nix-Gao relationship holds true and the size effect is a multiplicative effect [22] .
The values of hardness from the 41500 nm depth load-unload curves for irradiated and unirradiated material match closely. This shows the validity of the conclusion from room temperature data; that the hardness derived from data 41500 nm in depth has little influence from the implanted layer. It also shows the reproducibility of the results, and that any effects of thermal drift are minimal between different samples.
The hardening effect of the implanted helium, visible from in the data from 150 to 400 nm depths (Fig. 6 and Table 2 ), is up to 2.5 GPa at low temperatures, a significant increase in hardness. The hardening effect decreases with increasing temperature and is not significantly present above 450 1C. When the sample is cooled from 750 1C and indents are performed during the cooling cycle, the hardening effect is the same at a given temperature as for tests performed during the heating cycle.
Discussion
If the decrease in the hardening effect of implanted helium at high temperature was due to helium desorption from the implanted layer or helium diffusion into the bulk, then the permanently-induced reduction in obstacle density or strength would result in a lower hardness at a given temperature on cooling compared to the values measured on the heating cycle. Since near-surface hardness values are the same at a given temperature on both heating and cooling cycles, the decrease in hardness with increasing temperature in the helium-implanted sample must be due to the helium-vacancy complexes generated during ion implantation becoming weaker obstacles to plastic deformation at increased temperatures, rather than to any thermal removal of helium or damage.
This implied retention of the helium up to 750 1C matches with results from thermal desorption spectroscopy (TDS) of tungsten implanted with high-energy helium ions [23] . The TDS showed that helium is trapped in mono-vacancies and helium-vacancy clusters up until $ 1200 to 1300 1C. This conclusion is supported by TEM of helium-implanted tungsten that shows no visible bubbles at He concentrations up to 3000 appm, suggesting the helium is trapped in defects below the resolution limit of the microscope [11] . Finally, DFT modelling of helium in tungsten [24] shows almost complete stability of He n v m clusters (0 r nr 4, 0 rm r4) at temperatures up to $ 400 1C.
MD simulation indicates that the critical resolved shear stress for an edge dislocation to un-pin from a helium-vacancy complex in α-Fe decreases only by $10% between 100 K and 600 K [25] . This is unlikely to be significant enough to explain the $50% drop in hardening seen here. Therefore, the majority of the drop is more likely to be due to thermally-activated mechanisms for dislocations to bypass such obstacles: increased mobility and cross-slip of screw dislocations [26] and climb of edge dislocations [27] . The low damage levels produced during the implantation ( $ 0.2 dpa) and relatively high helium levels ( $ 600 appm) are likely to favour the production of small defects that become easy to overcome via cross-slip and climb as temperature increases, especially as these 6 . Nanoindentation hardness from shallow indents ('surface' data in Fig. 5 ) for an unirradiated sample and the helium-implanted sample. defects cannot be seen in the TEM [11] . It is clear that the mobility of dislocations increases over this temperature range due to the significant drop in hardness of tungsten seen in the microindentation curve, and macro-indentation [19] . The strength of the helium-vacancy clusters can be estimated by calculating the critical angle for dislocation breakaway during glide (ϕ c ), which is given by Eq. 1 [28] . G is the bulk modulus (161 GPa), b the Burgers vector (0.22 nm), L is the obstacle spacing, Δτ is the change in shear yield stress due to obstacles (approximately one sixth of the hardness change).
To a first approximation, the obstacle spacing is given by the cube root of the inverse of the obstacle density. If it is assumed that the 600 appm helium sits in small He n v m clusters (with n o4) (as the high irradiation temperature favours large complexes with lower helium content when compared to low temperatures where vacancies are not mobile [29] ), the obstacle density may be calculated by distributing 600 helium atoms among 5 Â 10 and 1751, i.e. each helium-vacancy cluster is an extremely weak obstacle. Thus the strengthening effect of the obstacles arising from helium implantation is due to the presence of a very high density of relatively weak obstacles. The rapid drop in irradiationinduced hardening with increasing temperature may be due to the already low obstacles strength falling to negligible values as thermally activated bypass mechanisms become increasingly operative.
Other data on high temperature micro-deformation of BCC materials is sparse. Schneider et al. [30] performed high temperature micro-pillar compression tests in molybdenum at 300 K and 500 K; these temperatures being chosen to be below and above the reported critical temperature for screw dislocation mobility in molybdenum. They observed a significant decrease in yield stress as temperature was increased, in pillars ranging from 0.5 mm to 5 mm diameter, with smaller pillars being less sensitive to temperature. Recent work by Torrents et al. [31] involved similar micro-pillar compression experiments in tungsten from room temperature to 400 1C. They also observed a decrease in yield stress as temperature was increased: similarly to molybdenum [30] , the sensitivity to temperature was lower in smaller diameter pillars. This size effect on temperature dependence of yield behaviour was attributed to the easy nucleation of kinks on screw dislocations at the pillar surface; this being more significant in smaller diameter pillars. However, with the significantly higher strains and work-hardening under Berkovitch indents compared to micro-pillar experiments, it is difficult to directly compare the types of experiments.
Conclusion
Micro-and nano-indentations have been performed on unimplanted and helium-implanted tungsten at temperatures up to 750 1C. The measured drift rates in high-temperature nanoindentation are extremely low, allowing quantitative measurements of hardness to be obtained with trends that match well with microhardness measurements. In unimplanted material, hardness falls to $45% of the room temperature value at 150-300 1C, above which, hardness decreases only very slowly with increasing temperature. The implanted helium is trapped up to the highest test temperature (750 1C), probably in the form of helium-vacancy clusters. The hardening effect of the irradiation damage was 0.90 GPa at 50 1C, but is negligible above 450 1C. This decrease in irradiation hardening with temperature is most likely due to the increased ability of dislocations to bypass small, irradiationinduced obstacles due to the increased frequency of cross-slip and climb.
